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Abstract: Alumina/aluminum-silicon alloy composite is manufactured by squeeze casting. The effect of the reinforcement
on the morphology of the silicon phase in aluminum-silicon alloy is studied. The results indicate that an alumina fiber can
serve as propitious sites for the heterogeneous nucleation of the silicon phase, and the primary silicon in the composite
can nucleate on the surface of the fiber. The fiber in the composite can trigger twin during the coupled growth of the
aluminum-silicon eutectic and lead to modification of the eutectic silicon near the fiber.
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1. Introduction
Because of good fluidity and compatible with many
kinds of reinforcement, Al-Si alloy is extensively used as
the matrix alloy in aluminum matrix composites. But the
hard and brittle Si phase frequently causes crack
formation in the matrix. The control of the morphology of
the Si phase is always the emphasis of study of this kind
of alloy. Generally, the morphology of the Si phase can be
changed by the addition of some trace elements, such as
Na, Sr, P, and using suitable heat treatment
[1-2]. There are
many studies related to reinforcement changing the
crystallization of the Al-Si alloy, and the reinforcement
serving as propitious sites for the heterogeneous
nucleation of the Si phase during solidification of the
Al-Si alloy
[3.4]. Si is an important second phase in the Al-Si
alloy, but there are few papers concerning the changes of
its morphology, distribution, size, etc., during solidification
of the composite. Mortensen et al. had observed that there
was modification of eutectic structure in the
aluminum-silicon matrix composite
 [5], but they did not
discuss the reason for modification. Das et al. had found
that graphite particles had a modifying effect on the
eutectic structure in graphite particle reinforced LM13
composite'
61. Obviously, reinforcements, during solidification
of the Al-Si alloy, not only affect their solidified structure,
but also change the morphology of the Si phase.
In the present investigation, the morphology of the Si
phase in A13O3/Al-Si alloy composite manufactured by
squeeze casting is observed on a scanning electronic
microscope (SEM), and the main affecting factors are
discussed.
2. Experimental procedures
Alumina short fibers (diameter; 3~5μm) used in the test
consist of A12O3 (80 % by wt) and SiO2 (20 % by wt).
The main crystal phases of the fiber are α-Al2O3 and
mullite. A eutectic Al-Si alloy is chosen as the matrix
material. The chemical composition of the alloy is (% by
wt): 12.1Si, 1.6Cu, 1.6Mg, 0.8Mn.
A12O3 /Al-Si alloy composite is manufactured by
squeeze casting. The applied pressure is 80 MPa, and the
temperature of poured metal is 740 °C. The composite
contains 18 % by volume of fiber (Vf). The samples, made
from the composite, are polished using standard
metallographic practice, etched with 0.5% aqueous
solution of hydrofluoric acid, and deeply etched with 20%
aqueous solution of sodium hydroxide, and observed
using a Hitachi X-650 SEM.
3. Results
Fig. 1 shows the solidified structure of the manufactured
composite. There are no shrinkages in the composite, and
the distribution of the fiber is uniform in the matrix. The
solidified structure in the composite matrix consists of
primary α-Al dendrite, aluminum-silicon eutectic and a
little primary silicon. The matrix alloy used in the
experiment has the eutectic composition, so there should
not have been the dendrite in the matrix during the
equilibrium solidification. It is evident that the solidified
structure mentioned is a non-equilibrium solidified
structure.
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The samples of Al-Si alloy without reinforcement by
alumina fiber are observed on SEM, shown in Fig.2.
Observation indicates that Si, grown on a grain nucleus,
exists in the form of flake in Al-Si eutectic, and the tip of
silicon obviously shows the flake characteristics, while the
more silicon flakes present the form of stick branch in the
root of the flake. It is different from the morphology of
silicon in Al-Si alloy modified by a bit of modifier (e.g. Na,
Sr, RE, etc.). The size of the eutectic silicon is obviously
shortened in the modified Al-Si alloy, and the growth
direction of the silicon is caused continuously to change,
presenting the twisted flake branch in contrast to the straight
flake branch seen before without modification; but eutectic
silicon still grows in the faceted growth. In the condition of
optimized modification, the morphology of eutectic silicon
shows much obvious change, presenting a close fibrous
branch structure with drastic twist. At this point, the tips of
the silicon phase begin to be passivated, approaching the
crystal morphology of the non-faceted growth. Fig.3 shows
the morphology of eutectic silicon in Al2O3/Al-Si alloy
composite manufactured by squeeze casting.
It can be seen from Fig.3 that the size of the eutectic
silicon is very small, and the characteristics of the silicon
flake is fine and long, one part presenting uniform fibrous
form, and other part flake form. The morphology of
eutectic silicon on the interface between the fiber and the
matrix is further observed on SEM, and its typical
morphology is shown in Fig.4.
Fig.4 Morphology of the eutectic silicon near AI2O3 fiber
It can be seen from Fig.4 that the eutectic silicon near to
the fiber presents the thick and short flake or stick form,
and some of the eutectic silicon grows from the primary
silicon particle on the surface of the fiber (as shown in
Fig.4b), to form a eutectic cell extended outward taking a
primary silicon particle or a fiber as a nucleus. According
to the observation, the morphology of the eutectic silicon
near to the fiber is similar to the morphology of the
modified silicon. The fining effect of the reinforcement on
the matrix structure during solidification is because of twoCHINA FOUNDRY
solute elements, and the thermoconductivity of the fiber is
much smaller than that of Al-Si alloy
 [7,8], and the
reinforcement would strongly change the distribution of
temperature and solute at the front of metal solidification.
The surface of the fiber can serve as the sites of
heterogeneous nucleation of Si phase in the matrix alloy
during the solidification of the composite. The adherend
on the surface of the fiber is observed by SEM, and
verified to be silicon phase, seen in Fig.5. It can be seen
from Fig.4 that the Si phase closely binds with the fibre,
which presents the Si phase nucleating on the surface and
then growing towards space between the fibers.
solidification of Al-Si alloy. As for the primary silicon in
the solidified structure, it is formed from reduction of
silicon dioxide because of interaction between the active
elements (Mg, Al etc.) in the matrix and the alumina fiber.
The lattice constant of the main crystal in the fiber is very
close to that of silicon phase, and there being a coherent
interface between them, so the fiber can act as the site of
heterogeneous nucleation for silicon
 [4]. When the silicon
nucleus is formed on the surface of the fiber, silicon atoms
in the liquid phase near the fiber will migrate to the
surface, to make the nucleus expand transversely along
the surface of the fiber, or grow up in depth of the liquid
phase so that the silicon phase takes shape.
There is a directionality during the growth of silicon in
the Al-Si system, where {111} is the slow grown plane.
Growth of eutectic silicon is simultaneously affected by
non-uniform growth driven field around and aluminum
phase around during eutectic solidification, and its
morphology is changed. Some of {111} planes in eutectic
silicon will preferentially grow, and others will be
restrained in growth under the non-uniform driven field.
The restraining effect of the aluminum phase around on
growth of eutectic silicon depends on the morphology of
the eutectic interface. If larger leading distance, then the
growth subjected the smaller binding force of aluminum
phase, and eutectic silicon can grow along the side of
aluminum phase to a certain extent. If more smooth
eutectic interface, the smaller leading distance of silicon
phase or no, aluminum phase has greater binding force to
growth of silicon, to weaken or restrain the growth along
the side. In the aluminum-silicon system, because the
granular silicon is pyramid at {111} for surface, there is
not a coherent interface found between the aluminum and
{111} of the silicon. Under certain conditions,
supersaturated aluminum can be separated out from pit in
the pyramid, but the aluminum cannot spread along the
surface of granular silicon to then grow to fully surround
the silicon, and it is obliged to grow towards liquid at
dendrite after a certain size is formed. As a result of
granular silicon not being surrounded by α phase, many
tips of the pyramid on the surface of the silicon are still in
contact with the liquid and then continue to grow towards
liquid in the direction of <100>. When stretching
forwards, the cross section of the tips presents stick form
with square, and their sides consist of {111}, as shown in
Fig.6.
Because there is some coherent corresponding
relationship between (100) plane of aluminum and (110)
plane of silicon, that is (100)Al //(110)Si, and the lattice
4. Discussion
Al-Si eutectic is a typical kind of the facet and
non-facet eutectic
 [9]. Si in the eutectic is the phase with
facet, being easy to supercool; and Al in the eutectic is the
phase with non-facet, being difficult to supercool. During
squeeze casting of the composites, owing to the higher
cooling rate, the eutectic point in the Al-Si binary phase
diagram moves up toward the right side in solidification
under pressure, making the original eutectic alloy become
hypoeutectic alloy. Furthermore, because of the larger
difference in melting points between aluminum and
silicon, and the higher solidification rate of the alloy in
squeeze casting, the coupled growth zone of Al-Si
eutectic. in which there is originally no symmetry, further
inclines to the right side (higher melt point element).
Besides, the higher supercooling can restrain the Si phase
separating from the melt, and can widen the coupled
growth zone of Al-Si eutectic. Therefore, α-Al separates
out first, then Al-Si eutectic can be separated out during
Fig.5 Silicon nucleated and grown on the surface of the fiber
factors. Because the fibers hinder the diffusion ofMorphology of Si phases in Al2O3/Al-Si alloy composite
dismatch is about 5%, α-Al more easily separates out from
the side of silicon and surrounds the side to carry on
coupled growth.
The characteristics of the coupled growth is that silicon,
protruding from the interface, is still the leading phase,
and the side of silicon surrounded by Al phase is favorable
to growth of silicon in stick form. In the analysis of
crystallography, the cross-section of silicon stick will be
square formed by <100> plane.
It has been earlier known that twinning will be caused
due to the effect of impurities and other factors during
growth of the silicon phase, and its twin plane is {111}
[10].
During solidification of Al-Si eutectic, growth of metallic
Al often surpasses or catches up with that of nonmetallic
Si, but because each has different contraction during
solidification, the mechanical twin will result in the
silicon phase, which thermodynamically creates some
conditions for branch and change of growth direction of
the silicon phase.
In the metal matrix composite, if nucleation of matrix is
not initially on the reinforcement surface, in the case of an
alloy the solid phase will avoid the reinforcement as it
grows. The reinforcement acts as a barrier to solute
diffusion ahead of the liquid/solid interface
 [11], and the
growing solid phase will "avoid" the reinforcement in the
same way that two growing dendrites avoid one other. It
can be seen from the cooperating growth model for
metallic-nonmetallic eutectic that, when a nonmetallic
crystal stops growing due to a lack of a supply of
nonmetallic atoms, it may change growth direction to the
rich zone of nonmetallic atom through twinning or by
forming sub-grain boundaries, which produce branches of
the nonmetallic crystal. During Al-Si eutectic growth, it
will avoid alumina fiber as the eutectic encounters the
fiber. It is needed to result twin in eutectic silicon to
change the growth direction. In this case, because of
mechanical hindrance of the A12O3 fiber, the twin in
eutectic silicon can be triggered to ensure Al-Si eutectic to
change growth direction to avoid the fiber.
If there is low Vf in the composite, the quantity of
twinning triggered is small, which has a weak effect on
the growth of the silicon phase, and the silicon phase still
grows in the faceted form as leading phase. If there is high
Vf, and because of the obstruction of fibers to solute
diffusion, to have alloy elements reach a sufficiently rich
concentration ahead of the eutectic front, then more twins
can be triggered. These twins mingle together to form a
three-dimensional network in space. At this point, the
ratio of length and width for twin pit reducing makes it
possible for the silicon phase to grow fibrously. At the
same time, the richness of alloy elements at the front
restrains the rapidly growing tendency of silicon phase in
the originally growth direction, because migration of
silicon atom becomes more difficult in this direction. And
the richness of solute also leads to constitutional
supercooling, which impels the silicon phase to branch
and continuously adjust growth direction. In this case,
silicon is still leading phase with the weaker faceted
growth, but still has an effect at short range.
If there is too high Vf in the part of the composite, the
quantity of twin triggering in silicon phase is so much that
the twin spacing is several to dozens of atomic spacing,
making the grown interface of eutectic silicon become the
same as the rough interface of plain metal. In this case, the
silicon growth mainly depends on the transverse diffusion
of silicon atoms, so that the silicon phase is forced to grow
forward parallel with the eutectic α phase. The
continuous non-faceted growth results in the eutectic
silicon becoming the straight stick dendrite.
5. Conclusions
(1) The solidified structure of Al2O3 /Al-Si alloy composite
consists of α-Al dendrite, Al-Si eutectic, and primary Si.
(2) The fiber can serve as propitious sites for the heter-
ogeneous nucleation of the silicon phase, and the primary
silicon in smaller size can nucleate on the surface of the
fiber.
(3) The morphology of eutectic silicon is fibrous form or
flake form, and the eutectic silicon near to the interface
between the fiber and the matrix presents the thick and
short flake or stick form in alumina/aluminum-silicon
alloy composite, similar to the morphology of modified
structures.
(4) The eutectic silicon near to the fiber is subjected to
mechanical hindrance of the fiber to trigger the twinning
in eutectic silicon during the coupled growth, resulting in
modification of the eutectic. The higher the volume
fraction of fiber, and the more uniform the fiber
distribution in the composite, the better effect for
Fig.6 Eutectic Si with stick form and its coupled growthCHINA FOUNDRY
modification of the silicon phase.
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